The presence of unintegrated viral DNA has been reported in cells persistently infected by lentiviruses, including human immunodeficiency virus type 1 (HIV-1). We confirm that CD8 + cells can be productively and persistently infected by HIV-1 for up to 4 months, as determined by secretion of viral core antigen p24 into the extracellular medium and by indirect immunofluorescence. The expression of the external viral glycoprotein gpl20 at the surface of these cells was demonstrated by two-colour flow cytometry. Progeny virions recovered from CD8 ÷ cells were infectious in CD4 ÷ T cells. Despite an absence of significant cytopathology, these chronically infected CD8 ÷ cells were shown to harbour unintegrated HIV-1 DNA, as detected by quantitative PCR. Both linear and circular forms of the extrachromosomal viral genome were present in infected CD8 ÷ cells, as early as 3 weeks before a peak in viral replication. These findings provide evidence that the presence of unintegrated viral DNA during lentiviral infection may not always correlate with c.p.e.
Introduction
Most target cells for human immunodeficiency virus type 1 (HIV-1) are infected through the CD4 glycoprotein (Klatzmann et al., 1984) , although a putative second receptor, galactosyl ceramide (Bhat et al., 1991; Harouse et al., 1991; Yahi et al., 1992) , has also been identified. Viral transmission through cell-to-cell contact has been reported between infected CD4 ÷ T cells and epithelial cells (Phillips et al., 1992) , from both infected monocytic (Valentin et al., 1990) and dendritic (Cameron et aL, 1992) cells to CD4 + T cells, and between CD4 + T cells themselves (Gupta et al., 1989; Sato et aL, 1992) .
The ability of HIV-1 to spread in this fashion may be responsible for non-cytopathic infection of CD8 + cells . In contrast, attempts to infect CD8 + cells directly with HIV-1 have been unsuccessful . Infection ofCD8 + T lymphocytes has been reported in both simian immunodeficiency virus (SIV)-infected rhesus macaques and HIV seropositive individuals (Tsubota et al., 1989) . Declines in cytotoxic T lymphocyte (CTL) activity (Hoffenbach et al., 1989 ; Joly et al., 1989) in HIV-infected patients, mostly mediated by CD8 + cells, could result from either HIV infection of CD8 + cells or through indirect mechanisms.
Cell killing is accompanied by transient accumulation of unintegrated viral DNA (UVD) following infection of chicken, turkey and pheasant cells with spleen necrosis virus (Keshet & Temin, 1979) . Similar observations have been made with avian leukosis viruses (ALV; WeUer et al., 1980; Weller & Temin, 1981) and with lentiviruses (Fisher et aL, 1986; Harris et al., 1984; Pauza et al., 1990) .
In certain cases, disease progression has been shown to correlate with the presence of high levels of UVD, as with ALV (Robinson & Miles, 1985) , feline leukaemia virus (Hoover et aL, 1987; Mullins et al., 1986) and equine infectious anaemia virus (Rice et al., 1989) . It is not clear, however, how UVD may contribute to c.p.e.
In this paper, we confirm the susceptibility of peripheral CD8 + cells to non-cytopathic, productive HIV-1 infection following co-cultivation with CD4 + cells, and demonstrate that both linear and circular UVD are present in persistently infected CD8 + cells. centrifuged at 225000 g for 1 h. The viral pellet was resuspended in a small volume of RPMI 1640 containing 20% FCS, and stored at -70 °C until use. Viral titration. HIV-1/III B was grown on the highly susceptible MT-4 T cell line. The 50% tissue culture infectious dose (TCIDs0) was determined 4 days later by means of an indirect immunofluorescence assay (IFA) using an anti-p24 monoclonal antibody (MAb) obtained through the AIDS Research and Reference Reagent Program, Division of AIDS, National Institute of Allergy and Infectious Diseases, Bethesda, Md., U.S.A.
Infection of peripheral lymphocytes. Non-adherent cells were gently decanted from stimulated PBMCs and were infected with HIV-1/III B at an m.o.i, of 0.03 TCIDs0 per cell for 3 h at 37 °C in 0.5 ml. Cells were then washed twice to remove unadsorbed viral particles and transferred at a concentration of 5 x 105 cells/ml to a 75 cm 2 flask. Fresh medium was subsequently added twice weekly and the cell concentration was maintained between 5 x 105 and 2 x 106 cells/ml. Cultures were incubated at 37 °C under 5 % CO 2. Cell viability was monitored by trypan blue exclusion.
Sorting ofCD8 + lyrnphocytes. At 7 days post-infection, both infected and uninfected peripheral blood lymphocytes (PBLs) were enriched for CD8 + lymphocytes by positive selection. Briefly, PBLs (10 s cells) were first labelled with 50 gl of anti-CD8 MAb (Leu2a; Becton Dickinson) for 30 min on ice. Cells were washed twice in PBS and then incubated at 37 °C for 1 h in 0.5 ml of 2.8 x 109 biomagnetic particles coated with goat anti-mouse IgG, specific for the Fc (Advanced Magnetics Inc.). Thereafter, CD8 + lymphocytes were selected by submitting labelled cultures to an appropriate magnetic field. Biomagnetic particles were subsequently removed from the cultures, which were maintained at 37 °C.
Detection of HIV-1 expression. Reverse transcriptase (RT), indirect
IFA and viral p24 core antigen ELISA were performed as previously described (Boulerice et al., 1990) .
Quantitative HIV-1 DNA amplification. Total DNA was extracted from CD8 ÷ cells 13 days after infection by HIV-1, i.e. 6 days after sorting and establishment of CD8+-enriched cultures. Then 15 ~tg of DNA was fractionated on a 0.8 % agarose gel. Both high M r HMW DNA, which contained integrated proviral DNA, and low M r LMW DNA, corresponding to the linear and circular forms of UVD, were excised at approximately 23 kb, 9.6 kb and 5-0 kb, respectively, and electroeluted from the gel. We used 2 phage DNA digested with HindlII as a size standard. PCR was done with 1 gg of each HMW sample and 1/100 of the LMW DNA harvested for each sample. Amplification of the fl-globin gene served to standardize the amount of HMW DNA used in each sample subjected to PCR analysis.
The oligonucleotide primers (Ou et al., 1988) used for HIV-1 DNA detection were derived from the nucleotide sequence of the ARV-2 isolate of HIV-1 and corresponded to a conserved gp41 region of the env gene: SK68 (5' AGCAGCAGGAAGCACTATGC 3', sense) and SK69 (5' CCAGACTGTGAGTTGCAACAG 3', antisense). The amplified product resulting from the SK68/SK69 pair of primers is a 140 bp fragment. Detection of human fl-globin DNA was accomplished with 14-33 (5' ACACAACTGTGTTCACTAGC 3', sense) and 123-104 (5' CAACTTCATCCACGTTCACC 3', antisense). When used in conjunction, these two primers formed an amplified product of 110 bp which can be easily distinguished from the HIV-l-specific fragment.
Only the sense primers were end-labelled with s~p and the antisense primers remained unlabelled; 20 ng and 30 ng of each type, respectively, were incorporated into the reaction mixture. Each reaction contained 200 laM of each of the four dNTPs, 10 mM-Tris-HC1 pH 8.3, 50 mM-KC1, 1.5 mM-MgCI~, 0"01% (w/v) gelatin and 3 units of Taq DNA polymerase (BRL). In addition, either 1 pg of HMW DNA or 1% of the total LMW DNA extracted per sample (for details see Fig. 6 ) was added to the other reagents to make a final volume of 50 gl and the reaction mixture was overlaid with two drops of mineral oil to prevent evaporation. Each sample was subjected to 30 cycles of denaturation for 1 min at 95 °C, annealing at 61 °C for 1 min and polymerization at 72 °C for 2 rain using a DNA thermal cycler (Perkin-Elmer Cetus). Amplified products were analysed by electrophoresis on 8 % nondenaturing polyacrylamide gels which were subsequently dried in a Gel Dryer (Model 583; Bio-Rad) for 1 h and visualized by direct autoradiography. The intensity of the signals was scanned using a Molecular Imager System (Model GS250; Bio-Rad).
Two-colourflow cytometry analysis. PBLs (106) were harvested and washed once with cold PBS containing 5 % FCS and 0-015 % sodium azide (PBS-FA). Cells were then pelleted and incubated on ice for 30 min with 3 to 5 gl of a first MAb, prior to indirect labelling with a fluorochrome. This primary MAb was either an anti-CD4 (Leu3a; Becton Dickinson) or an anti-gpl20 MAb (0.5,8; AIDS Research and Reference Reagent Program). The cells were incubated with fluorescein isothiocyanate (FITC)-labelled goat anti-mouse IgG for 30 min on ice. A second MAb, i.e. anti-CD8 directly labelled with phycoerythrin (PE) (Leu2a; Becton Dickinson) was then added to the cells for another 30 min on ice. After each step, cells were washed twice for 5 min in cold PBS-FA. At the end of the procedure, cells were fixed in 0.4% formaldehyde and analysed with a FACScan flow cytometer (Becton Dickinson).
Results

Purity of cell populations following sorting
Determinations of purity were performed by two-colour flow cytometry 6 days following enrichment for CD8 + cells. The proportions of cells expressing the CD8 marker in uninfected and infected CD8+-enriched cultures were 93 % and 96 %, respectively ( Fig. 1 ). Only 2 % and 0.7 % of the cells in these cultures expressed CD4.
The double positive CD4+/CD8 + lymphocytes that were detected at the time of infection (Fig. 2 ) had almost completely disappeared by 13 days post-infection ( Fig.  1 ), possibly because of differentiation into either single positive CD4 + or CD8 + cells (Blue et al., 1985) . Both B lymphocytes and monocytes/macrophages were absent PBLs. Normal human PBLs, which had been stimulated for 3 days with PHA (10 pg/ml), were double-labelled with both anti-CD4/FITC-and anti-CDS/PE-conjugated MAbs. Analysis was based on at least 5000 events. from these cultures, as demonstrated by the absence of reactivity with both OKB7 (Ortho Pharmaceuticals) and anti-CD14 (Mo2; Coulter Immunology) MAbs, respectively (data not shown).
HIV-1 replication in CD8 + peripheral lymphocytes
We purified CD8 + lymphocytes 7 days after infection.
We have been able to culture infected CD8 + lymphocytes for up to 4 months without any apparent c.p.e. (Fig. 3) . cultures was also confirmed by indirect IFA for p24 antigen (Fig. 4) . After 34 days, viral production declined somewhat in CD8 + cells but continued at a lower level for 3 subsequent months. Similar results were obtained in each of three separate experiments.
Direct evidence for infection of individual CD8 + lymphocytes
Confirmation of infection of CD8 + lymphocytes by HIV-1 was provided by double flow cytometry analysis. Chronically infected CD8 + cells were labelled with both anti-CD8 and anti-gpl20 MAbs at 38 days post-infection, revealing that 3 % of the 96.9% of cells that expressed CD8 co-expressed gp120 (Fig. 5 ). The mean fluorescence value for gpl20 was low, indicating that the CD8 + cells were low producers. Therefore, the relatively low levels of p24 antigen (about 5.5 ng/ml) released into the extracellular medium of chronically infected CD8 + cells was not necessarily caused by a low percentage of infected ceils, but also by modest virus production by each cell.
Demonstration of integrated and unintegrated HIV-1 proviral DNA in chronically infected CD8 + lymphocytes
To assess the presence of proviral DNA, including UVD, in our CD8 + cultures we extracted DNA from such cells at 13 days after infection, i.e. 6 days after fractionation and enrichment of the CD8 + population, at which time the presence of UVD should have been most easily detectable. The purity of the LMW DNA preparations was studied by examining the presence of the fl-globin gene, which was detected only in the HMW DNA samples (Fig. 6) ; this suggests that the specific HIV-1 signals seen after amplification of UVD were not caused by contamination with integrated proviral material. The three major forms of retroviral DNA, including integrated proviral DNA, linear and circular UVD were present in chronically infected CD8 ÷ lymphocytes (Fig.  6 ).
Infectiousness of progeny virus from chronically infected CD8 + lymphocytes
The infectiousness of progeny virus released by CD8 + cells, 35 days after infection, was revealed by their ability to replicate in the CD4 + lymphocyte cell line, MT-4 ( Fig.  7) . Viral replication was monitored by RT activity, which reached a peak 6 days after infection and was followed by a dramatic decrease of cell viability. Thus, noncytopathic infection of CD8 + lymphocytes led to the production of infectious viral particles with cytopathic potential.
Discussion
We have confirmed the susceptibility of normal peripheral CD8 + lymphocytes to HIV-1 infection and replication (Fig. 3, 5 ). Two-colour flow cytometry (lanes 1, 4) and linear (lanes 2, 5) and circular (lanes 3, 6) UVD in HIV-1-infected CD8 + peripheral lymphocytes by PCR. The purity of LMW DNA preparations (lanes 2, 3, 5, 6) was studied by examining the presence of the fl-globin gene, which was detected only in the H M W DNA samples (lanes 1, 4) . analysis demonstrated that 3% of live CD8 + cells expressed HIV-1 antigen 38 days after infection (Fig. 5) , which was confirmed by IFA results on fixed cells (Fig.  4) . The low percentage of CDS+-infected cells found agrees with results from other studies. Indeed, it has been shown by electron microscopy that approximately 5 to 10% of peripheral CD8 + lymphocytes had typical budding and/or mature HIV-1 virions associated with the plasma membrane . Another group used a method that combined two-colour flow cytometry and non-radioactive in situ hybridization to show that fewer than 1% of CD8 + lymphocytes expressed HIV-1 RNA following in vitro infection (Vernon et al., 1992) .
In our studies, CD8 + cells were infected while still part of a larger PBMC population. Attempts to infect purified populations of sorted CD8 + cells directly were unsuccessful, in agreement with work by others .
The low rate of infection obtained is not peculiar to CD8 + cells. Fewer than 1% of cells in brain-derived cell lines, which are susceptible to HIV-1 infection through CD4-independent mechanisms, were shown to express viral proteins (Weber et al., 1989) . Similar results were reported for two CD4 + cell lines of different origin, one colorectal (Adachi et al., 1987) and one EpsteimBarr virus-immortalized (Dahl et aI., 1990) .
Our two-colour IFA also revealed that 0.7 % of non-CD8 ÷ cells expressed gpl20 antigen in chronically infected CD8 + cultures (Fig. 5 ). This small fraction might represent resistant CD4 + cells that are present 13 days after infection (Fig. 1) . The possibility of a more prominent presence of CD4 + cells after 35 days, at the peak of viral production, was discounted by flow cytometry using the anti-CD4 MAb Leu3a (results not shown). Of course, such analyses are made difficult because the surface expression of this marker in productively infected CD4 + cells becomes downregulated (Hoxie et al., 1986) .
Alternatively, dendritic cells, which are also susceptible to infection by HIV-1 (Langhoffet al., 1991) , might have been present in our cell population. Quantifying the dendritic cells was not possible, given the absence of a specific surface marker for this cell type. However, since the dendritic and CD8 + populations combined represent fewer than 0-1% of the PBMCs (Steinman, 1991) , and since we achieved an at least 10-fold enrichment of CD8 + cells, the amount of dendritic cells in our CD8 + cultures must have been less than 0.01%. The possibility that macrophage contamination might have contributed to our results was ruled out by the lack of reactivity with anti-CD14 MAbs, which are macrophage/monocytespecific. We are currently investigating which subsets of CD8-expressing cells may be most prone to HIV infection, with emphasis on CD8+/CDll + and CD8+/ Leu7 + populations.
Mitogenic stimulation of freshly isolated human peripheral T cells from healthy donors has been reported to generate about 3 % of cells that co-express the CD4 and CD8 markers at their surface (Blue et al., 1985) . Recently, up to 16% of double positive CD4+/CD8 + cells have been demonstrated following stimulation of rat thoracic duct lymphocytes by concanavalin A (Ramirez et al., 1992) . Moreover, in vitro stimulation of peripheral blood lymphocytes from SIVm~c-infected rhesus monkeys has given rise to 5 % of cells that coexpress the CD4 and CD8 differentiation antigens (Ysubota et al., 1989) .
Although infection of CD8 + lymphocytes probably results from cell-to-cell transmission from CD4 + cells during culture , it is possible that double positive CD4+/CD8 + cells play a role in this process. Our study points to a small subset (about 4 %) of double positive CD4+/CD8 + cells, following stimulation of freshly isolated PBLs by PHA (Fig. 2) . However, these double positive CD4+/CD8 + cells were no longer detectable after 13 days in culture in the absence of mitogen, in either uninfected or infected CD8+-enriched cultures (Fig. 1) . Thymocytes co-expressing both CD4 and CD8 markers are potential targets for HIV-1 (Schnittman et al., 1990) . Finally, up-modulation of CD4 protein by human herpesvirus type 6 can occur in peripheral CD8 + lymphocytes and render these cells susceptible to infection by HIV-1 (Lusso et al., 1991) .
The infection of CD8 + cultures resulted in persistent infection with no c.p.e, for several months (Fig. 3) . Resistance of CD8 + lymphocytes to HIV-l-induced cytopathology has been documented in normal peripheral cells either experimentally infected or transfected with viral DNA (Cheynier et al., 1988) . Moreover, both a CD8 + thymocyte cell line, E88/RF, and a human T cell leukaemia virus type 1transformed CD8 + T cell clone have been productively infected and maintained in culture for more than 3 years and 71 days, respectively (De Rossi et al., 1986; Hatch et at., 1992) . The absence of c.p.e, in the CD8+-infected cultures could be due to the absence of CD4 expression in this T cell subset. The extent of cytopathicity has been correlated with levels of CD4 expression (Koga et al., 1990; Marshall et al., 1992) . Complexes between viral gpl60 and CD4 in the cytoplasm of HIV-infected CD4 + cells (Bour et al., 1991) may play an important role in the induction of c.p.e.
Cells that are persistently infected by lentiviruses frequently contain UVD (Besansky et al., 1991 ; Fisher et al., 1986; Pauza & Galindo, 1989; Pauza et al., 1990; Rasty et al., 1990; Shaw et al., 1984) . Such findings are consistent with our data that chronically infected CD8 ÷ cells contained all three major forms of HIV-1 DNA 13 days after initial infection of PBMCs, i.e. integrated proviral DNA as well as both unintegrated linear and circular DNA (Fig. 6) . The time point of 13 days after infection, and 6 days after sorting of CD8 + cells, was chosen to enhance the probability of detecting UVD, since such material is known to accumulate early after reinfection by cell-free virus or cell-to-cell transmission (Pauza et al., 1990; Robinson & Zinkus, 1990) . In fact, we did not detect UVD at peak times of progeny virus production by CD8 + cells, i.e. 35 days after initial infection (results not shown).
Although the current studies were performed with HIV-1/III B, which may have a broader host range than clinical isolates, it should be noted that others have reported the isolation of HIV-infected and SIV-infected CD8 + cells from humans and rhesus monkeys, respectively (Tsubota et al., 1989) . Current studies in our laboratory involve characterization of CD8 + cells infected by clinical isolates of HIV-1.
Persistence of extrachromosomal viral DNA also occurs in quiescently infected CD4 + lymphocytes (Bukrinsky et al., 1991; Stevenson et al., 1990a) . However, the latter do not contain integrated proviral DNA. Furthermore, the UVD in quiescent cells consists largely of incompletely reverse-transcribed material (Zack et al., 1992) . Subsequent activation can lead to integration of at least part of the extrachromosomal proviral DNA (Bukrinsky et al., 1991; Stevenson et al.,  1990a) The ability of HIV-1 UVD to serve as template for protein synthesis (Stevenson et al., 1990b) might have contributed to the release of p24 antigen in the extracellular medium of infected CD8 + cells (Fig. 3) . However, since progeny virions generated from UVD are not infectious (Stevenson et al., 1990b) , it is likely that at least a fraction of the particles produced by infected CD8 + cells were derived from integrated provirus. The progeny virions released by infected CD8 + ceils were infectious for CD4 + cells (Fig. 7) .
The potential role for CD8 + cells as reservoirs for HIV-1 persistence and replication should be further investigated.
